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Background:	  Transpacific	  Transport	  

•  Long-‐range	  transport	  of	  air	  pollutants	  across	  the	  
Pacific	  has	  been:	  
ü Long	  recognized	  (observaNonal	  evidence	  goes	  back	  to	  at	  
least	  the	  1980s	  [Kritz	  et	  al.,	  1990])	  

ü Extensively	  studied	  (from	  PEM-‐West	  A/B,	  TRACE-‐P,	  ACE-‐
ASIA,	  to	  INTEX-‐B	  and	  ARCTAS)	  

•  Important	  potenNal	  influence	  on	  air	  quality	  and	  
climate	  over	  North	  America	  
ü  “Aerosols	  from	  Overseas	  Rival	  DomesNc	  Emissions	  over	  

North	  America”	  [Yu	  et	  al.,	  2012]	  

	  



Background:	  Some	  Findings	  from	  Previous	  
Studies	  

•  Closely	  associated	  with	  mid-‐laNtude	  cyclones	  and	  highly	  
episodic	  

•  Strongest	  in	  spring	  (focus	  of	  most	  studies)	  
•  Warm	  Conveyor	  Belt	  (WCB)	  is	  the	  main	  mechanism	  exporNng	  

Asian	  polluNon	  in	  spring	  
•  Short-‐lived	  species	  can	  be	  loied	  into	  FT	  in	  WCB,	  but	  the	  

export	  efficiency	  is	  low	  (~10-‐20%	  for	  NOy	  and	  SOx)	  

unique to the spring, but extends to other seasons at lower
frequency and intensity.

5. Seasonal Variations in the Mechanisms of
Transpacific Transport

[30] We conduct a systematic analysis of the meteorolog-
ical mechanisms leading to each Asian long-range transport
event reaching the CPO region between March 2001 and late
May 2002. We define a long-range transport event as a
period with Asian CO enhancements >35% above Asian
background levels (calculated with a 60-day low-pass filter
applied to the Asian CO tracer) for at least 12 hours. In this
manner, we identify 39 long-range transport events reaching
CPO in the upper troposphere (6–12 km), 26 events in the
middle troposphere (2–6 km) and 12 events in the lower
troposphere (0–2 km) for the full year between June 2001
and May 2002 (Figure 8 and Table 2). In a few cases,
enhanced Asian influence extends from the surface to the
upper troposphere, and we count such enhancements as one
individual event for each layer as long as our above criterion
is met. Each of the identified events is classified according to
its export mechanism out of the Asian boundary layer
(section 5.2) and import mechanism to the NE Pacific
(section 5.3). We first describe these pathways in section 5.1.

5.1. Transport Pathways

[31] Figure 9 presents a schematic diagram of the major
export pathways over east Asia. They include convective
injection to the upper troposphere (E1) and transport in
airstreams associated with midlatitude cyclones (E2, E3,
and E4). Convection is an important outflow mechanism
especially over SE Asia during the spring biomass-burning
season [Bey et al., 2001b] and over central China during
summer. Transport of pollution from the surface to the free
troposphere ahead of surface cold fronts (E2) has been
discussed in many recent studies [Stohl, 2001; Cooper et
al., 2002, 2004; Hannan et al., 2003; Liu et al., 2003;
Miyazaki et al., 2003]. This export takes place in a warm
conveyor belt (WCB), the major cloud-forming air stream
of midlatitude cyclones [Carlson, 1998]. Carmichael et al.
[1998, 2003] and Liu et al. [2003] highlighted the role of
transport in the boundary layer behind cold fronts (E3)
as another major outflow pathway over Asia. We find that
an additional outflow mechanism (particularly during
seasons other than spring) is boundary layer transport in

the prefrontal jet (E4), a band of rapid winds ahead of a
surface cold front [Chen et al., 1994]. To our knowledge,
this is the first time that this mechanism has been proposed
as a significant export pathway for pollution.
[32] Convection (E1) was diagnosed in our simulation

through convective mass fluxes from the GEOS archive. We
also conducted a sensitivity simulation in which we turned
off subgrid-scale convective transport in the model and then
compared the results to our standard simulation to identify
convective events. The frontal export pathways (E2–E4)
were identified using model animations and comparison to
detailed synoptic charts with frontal positions from the
National Centers for Environmental Prediction (NCEP)
weather maps at the National Climatic Data Center (http://
www.ncdc.noaa.gov/oa/ncdc.html). Orographic lifting in-
duced by the interaction of cyclones with the elevated
terrain around the North China plain and the coastal
mountain ranges is another export mechanism noted by
Liu et al. [2003] and Hannan et al. [2003]. Because of the
coarse resolution of our model we cannot distinguish this
mechanism from frontal lifting.

Table 2. Asian Export Mechanisms of Long-Range Transport Events Reaching CPO, Segregated by Altitude and Season

Events Occurring < 2 km Events Occurring 2–6 km Events Occurring 6–12 km

na DCOb

Mechanismc

n DCO

Mechanism

n DCO

Mechanism

E1 E2 E3 E4 E1 E2 E3 E4 E1 E2 E3 E4

Spring 2001 5 59 2 2 1 5 65 5 9 64 9
Summer 2001 2 40 1 1 6 36 2 4 8 44 6 2
Fall 2001 3 33 1 1 1 8 40 2 6 12 41 4 8
Winter 2001–2002 3 45 1 2 6 54 6 9 54 9
Spring 2002 4 59 4 6 62 6 10 61 10
Totald 12 44 1 2 5 4 26 48 4 22 39 50 10 29

aNumber of long-range transport events reaching CPO in each layer and season. A long-range transport event is defined by Asian CO enhancements
greater than 35% above background levels.

bDCO represents the mean Asian CO mixing ratios (in ppbv) for all events.
cExport mechanisms over east Asia (Figure 9): convective lifting (E1), warm conveyor belt lifting (E2), postfrontal boundary layer transport (E3), and

low-level prefrontal jet transport (E4).
dSummary of all events for 1 year between summer 2001 and spring 2002.

Figure 9. Schematic of export mechanisms over east Asia
and import mechanisms over the NE Pacific for long-range
transport of Asian pollutants. Outflow mechanisms over
Asia include convective lifting (E1) and three transport
pathways associated with midlatitude cyclones: warm
conveyor belt lifting (E2), postfrontal boundary layer
transport (E3), and low-level prefrontal jet transport (E4).
Import mechanisms over the NE Pacific include advection
in the mean free tropospheric westerly flow (I1), boundary
layer transport (I2), large-scale subsidence in the Pacific
High (I3), subsidence in the dry air stream of a cold front
(I4), and subsidence induced by mountain waves (I5).
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•  Once	  in	  FT,	  downwind	  
transport	  controlled	  by	  
meto.	  pamern	  over	  E	  
Pacific	  

[Liang	  et	  al.,	  2004]	  



Background:	  Satellite	  ObservaNon	  of	  Long-‐range	  
Transport	  

•  Tracking	  Asian	  super	  dust	  storm	  using	  TOMS	  Aerosol	  Index	  
[Husar	  et	  al.,	  2001]	  

•  CO	  retrievals	  combined	  with	  aircrai	  and	  modeling	  [e.g.,	  
Zhang	  et	  al.,	  2008]	  

•  Flux	  of	  aerosol	  transport	  esNmated	  using	  MODIS	  and	  CALIPSO	  
[Yu	  et	  al.,	  2012],	  but	  for	  cloud-‐free	  condiNons	  only	  

•  Studies	  on	  short-‐lived	  gaseous	  species:	  large	  uncertainty	  (S/N)	  

[Li	  et	  al.,	  2010]	  



MoNvaNon	  

volcano.si.edu/reports/usgs/). In total we identified 24 major
events where an apparent non‐volcanic SO2 plume was
observed with loadings above 5 km exceeding ∼5 1016

molecules/cm2 and which was visible for at least 5 con-
secutive IASI overpasses (2½ days). All these were first
observed over East Asia and Siberia; while transport was
mainly observed over the Russian Arctic, Japan, Sakhalin
and Kamchatka. There is a marked seasonality in the
events with 12 events observed in the fall, 9 in the winter
and 3 in the spring.
[6] A first prerequisite for such large events to happen and

for infrared sounders to see them, is the availability of large
concentrations of SO2. Note first that emissions of SO2 only
show a weak seasonal pattern [Streets et al., 2003]. In colder
periods, the lifetime of SO2 is however longer (a factor 2–3
in winter [Chin and Jacob, 1996; Lee et al., 2011]) because
of slower dry deposition and less availability of oxidants.
Furthermore, SO2 is half‐soluble and subject to wet scav-
enging. Over East Asia, precipitation has a marked sea-
sonality, with fall and winter being very dry and spring and
especially summer very wet. Enhanced with trapping of
boundary layer air due to inversion, fall and winter are
therefore favorable periods for the build up of large con-
centrations of SO2. The second prerequisite is an efficient
uplift mechanism to altitudes above 5 km. The occurrence of
midlatitude cyclones and the associated warm conveyor
belts are the main source of uplift to the mid‐upper tropo-
sphere and occur frequently in fall and winter (note that
these occur less frequent in the summer) [Stohl, 2001; Liang
et al., 2004; Yienger et al., 2000].
[7] This seasonality is very different as compared to CO,

which is known to exhibit most transpacific transport in the
spring (and to lesser extent in the summer). This can be seen
e.g. from looking at monthly averages of CO [Clerbaux
et al., 2009, Figure 5]. To understand this apparent contra-
diction, it is important to take into account the seasonality in

the number of uplift events, the availability of source mate-
rial and the altitude of transport. In the work of Liang
et al. [2004] it was shown that the number of uplift events
does not exhibit a strong seasonality (although the uplift
mechanism can be different, e.g. in summer convective
lifting is more important). However, in spring and summer,
the amount of CO that is lifted and transported is larger due
to larger source availability. Secondly, here we have only
taken into account SO2 transport events above 5 km, while
the well known seasonality of CO transport includes trans-
port at all altitude levels. Finally, the number of large uplift
events might not be a good indication of the total amount of
transported material, for which also a large number of
smaller events can contribute.
[8] On 7 November 2010, IASI observed a SO2 plume

covering almost the whole of Northeast China and subse-
quent overpasses show the plume moving over the Sea of
Japan, Northern Pacific, Gulf of Alaska and Canada. The
last observations was made 5 days later near Hudson bay
(see Figure S1 and Animation S1 in the auxiliary material).1

Fortuitous overpasses of the space‐borne lidar Calipso
[Winker et al., 2009] revealed coincident aerosol features
between 6 and 9 km which were identified as smoke and in
the later stages as sulfate. For all but the first overpass there
was part of the aerosol curtain which contained no detect-
able clouds, and these were selected for Figure S1 in the
auxiliary material.
[9] In terms of meteorology, the week prior the event was

characterized by low surface winds and a total absence of
rain. These stagnant conditions led to build up of pollutants
as reflected in the steady increase of the Daily Air Pollution
Index [Gao et al., 2011] of several megacities in Northeast
China during that week (see Figure 1, left). Weather maps of

Figure 1. (left) Daily Air Pollution Index from selected cities in China. The air quality decreases from 1 to 7 November
and is attributed to build‐up of pollution. On the 8th a drastic improvement is apparent, coincident with the IASI observation
of the SO2 plume shown on the right. (right) Location of selected cities (colored dots) and maximum observed SO2 columns
(in units 1016 molecules/cm2) for the period 7–11 November 2010.

1Auxiliary materials are available in the HTML. doi:10.1029/
2011GL048976.
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Transpacific	  transport	  is	  expected	  to	  take	  place	  in	  autumn,	  but	  
has	  been	  rarely	  studied	  or	  reported.	  

•  IASI	  detected	  an	  SO2	  transport	  event	  in	  
November	  2010	  [Clarisse	  et	  al.,	  2011]	  

•  Presumably	  anthropogenic	  SO2	  plume	  
crossed	  the	  Pacific	  in	  just	  few	  days	  
(November	  7-‐11,	  2010)	  

•  OMI	  captured	  the	  same	  event	  

ScienNfic	  QuesNons:	  
•  How	  do	  these	  events	  occur	  –	  Spring	  vs.	  Autumn?	  
•  How	  important	  are	  they?	  (Magnitude?	  Flux?	  

Frequency?)	  

Short	  transit	  Nme	  means	  a	  larger	  fracNon	  of	  short-‐lived	  species	  
can	  reach	  North	  America	  



Data	  and	  Methodology	  
•  A-‐train	  satellite	  observaNon	  of:	  SO2	  (Aura/OMI),	  CO	  (Aqua/AIRS),	  

and	  plume	  height	  (CALIPSO)	  
•  NOAA	  ARL	  HYSPLIT	  trajectory	  model	  

ü  Forward	  trajectories	  tagged	  with	  SO2	  retrievals	  (projecNng	  the	  
movement	  of	  the	  plume)	  

ü  Backward	  trajectories	  (locaNng	  plume	  source	  region)	  
•  NASA	  GMAO	  MERRA	  meteorological	  data	  
•  Why	  SO2	  and	  CO?	  

ü  Short-‐lived	  SO2	  indicator	  of	  rapid	  transport	  	  
ü  Noise/bias	  in	  operaNonal	  SO2	  product	  
ü  DifferenNate	  industrial	  plumes	  from	  volcanic	  and	  BB	  ones	  	  



Case	  One:	  October	  2006	  
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Aerosol	  Plume	  Height	  over	  NE	  China	  on	  
October	  8,	  2006	  

Figure 3. CALIPSO vertical feature mask on (a) 8 October, indicating an aerosol layer aloft at !2–4 km
near 38°–42°N along the track in Figure 1a, (b) 6 October 2008, showing an aerosol layer at !5 km near
45°–47°N along the track in Figure S2b; (c) 9 November 2010, revealing an aerosol layer centered at !3–
6 km near 43°–47°N along the track in Figure S5b; and (d) 10 November 2010, showing an aerosol layer
at !3–4 km near 42°–44°N along the track in Figure S5c.
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Trace	  back	  to	  the	  Source	  Region	  
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2004; Barletta et al., 2009]. Similar transit time in spring
was also derived from model simulations of transport at
higher altitudes [e.g., Holzer et al., 2003; Yienger et al.,
2000]. Our reported transit time in autumn for the three epi-
sodes is largely comparable to the above studies on spring-
time events. Transpacific transit time as short as 2 days has
been found for a few isolated summertime cases associated
with deep convection [Kritz et al., 1990; Liang et al., 2007].
The former study used radon as a tracer while the latter
observed a host of pollutants including CO, PAN, and
NMHC.
[20] The similarity in transit time between spring and

autumn probably reflects the analogous transport mechan-
isms in the two seasons. Like many transpacific cases in
spring, in all three autumn episodes studied here, midlatitude
cyclones and the associated warm conveyor belt were
responsible for the Asian outflow. Pollution first built up near
the surface under relatively stagnant conditions, and then was
vented into the free troposphere by the upward movement
induced by the approaching fronts. The midlatitude cyclones
are generally more active in spring, but autumn as a transition
season also sees frequent cyclonic activity. Once a plume is
exported from its source region, the downstream meteorology
regulates the destination and speed of the ensuing transport.
Previous studies focusing on spring indicate that a deep
Aleutian low and a north-south alignment between the
Aleutian low and Pacific subtropical high would create a
more zonal flow favoring rapid transport across the Pacific
[e.g., Liang et al., 2005], and our analysis for autumn
reaches the same conclusion.

3.4. Transport Efficiency of SO2

[21] A major rainmaker, WCB may produce sizable
amount of precipitation [e.g., Eckhardt et al., 2004] and
substantial washout of soluble species is expected during the
ascent within WCB. Indeed, clouds were clearly visible near
the fronts and the TRMM (Tropical Rainfall Measuring
Mission) satellite detected rainfall at the initial stage of all

Figure 4. (left) OMI TRM SO2 (color, units: DU) at 05:00 UTC on 6 October 2006 and the Modern Era
Retrospective-Analysis for Research and Applications (MERRA) 850 hPa geopotential height (blue lines)
at 06:00 UTC. (right) AIRS CO column amount (color, units: 1018 molecules cm!2) and the MERRA
850 hPa wind vector (arrows) at approximately the same moment. Pollutants accumulated over north-
ern China as a midlatitude wave cyclone approached the region.

Figure 5. (top) The 36 h backward trajectories calculated
for grid cells with OMI TRMSO2 ≥ 1 DU (stars). Trajectories
are started at 05:00 UTC on 8 October 2006 from 3 km above
ground level ("700 hPa). Dashed lines are the sea level pres-
sure at 18:00 UTC on 6 October 2006 from the MERRA
meteorological data. (bottom) The height of trajectories,
indicating substantial ascent from the industrialized region
in northern China induced by the cyclone.
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Downstream	  Transport:	  More	  Cases	  
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Downstream	  Transport:	  More	  Cases	  
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Downwind	  
Meteorological	  

Setup	  	  
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Streamlined	  Transport	  
Pathway:	  
A	  strong	  AleuNan	  Low	  
or	  a	  north-‐south	  
alignment	  of	  the	  
subtropical	  high	  and	  
AleuNan	  low	  
Consistent	  with	  some	  
previous	  studies	  on	  
transport	  in	  spring	  
[e.g.,	  Liang	  et	  al.,	  2005]	  



A	  few	  ObservaNons	  on	  the	  Cases	  
•  Similar	  mechanism	  (frontal	  systems,	  and	  WCB)	  and	  

transpacific	  transit	  Nme	  (~6	  days)	  between	  autumn	  and	  
spring	  

•  Asian	  SO2	  and	  sulfate	  previously	  observed	  over	  the	  
remote	  Pacific	  in	  spring	  (typically	  less	  than	  1	  ppb),	  but	  
the	  magnitude	  of	  transport	  observed	  by	  satellites	  is	  
much	  larger	  (several	  ppb)	  

•  WCB	  is	  an	  important	  rain	  producer,	  but	  some	  of	  the	  SO2	  
can	  survive	  the	  washout	  during	  the	  ascent	  and	  will	  form	  
fine	  sulfate	  parNcles	  during	  transport	  across	  the	  Pacific	  
(mechanism	  first	  proposed	  by	  Brock	  et	  al.,	  [2004])	  	  



How	  oien	  do	  they	  happen?	  62	  ouvlow	  events,	  
14	  inflow	  events	  in	  4	  years	  	  

Asian	  
Ouvlow	  
Region:	  

N	  America	  
Inflow	  
Region	  

SON	   September	   October	   November	  

Frequency	  of	  high	  SO2	  (>	  0.2	  DU)	  and	  CO	  (>	  2.5x1018	  mole./cm2)	  in	  SON	  2005-‐2008	  	  	  



How	  about	  Spring?	  Stronger	  Transport	  

Asian	  
Ouvlow	  
Region:	  

N	  America	  
Inflow	  
Region	  

MAM	   March	   April	   May	  

Preliminary	  results	  sensiNve	  to	  selecNon	  of	  threshold,	  parNcularly	  AIRS	  CO.	  



Why	  Transpacific	  Transport	  more	  AcNve	  in	  
Spring?	  

The	  difference	  in	  mean	  precipitaNon	  (mm/day)	  between	  autumn	  and	  spring	  
during	  2005-‐2008.	  	  The	  precipitaNon	  data	  are	  from	  the	  GPCP	  daily	  one-‐degree	  
resoluNon	  data	  set.	  

•  Number	  of	  frontal	  passages	  and	  polluNon	  liiing	  events	  
in	  East	  Asia:	  similar	  between	  Spring	  and	  Autumn	  [Liang	  
et	  al.,	  2004]	  

•  But	  spring	  can	  be	  drier	  –	  less	  washout	  



Issues	  
•  EsNmated	  frequency	  of	  transport	  events	  sensiNve	  to	  

threshold	  (AIRS	  CO,	  OMI	  SO2,	  and	  number	  of	  grid	  cells)	  
–  A	  more	  objecNve,	  sophisNcated	  method	  for	  pamern	  recogniNon	  and	  

tracking	  is	  needed	  
•  How	  to	  quanNfy	  the	  amount	  of	  SO2	  (or	  other	  pollutants)	  

exported	  from	  E	  Asia	  and	  imported	  into	  N	  America	  using	  
satellite	  data?	  
–  An	  approach	  uNlizing	  aircrai	  measurements	  and	  tracer	  modeling	  has	  

been	  demonstrated,	  but	  only	  works	  on	  a	  case-‐to-‐case	  basis	  
•  Improvement	  in	  retrievals	  may	  reduce	  the	  noise/bias,	  making	  

satellite	  data	  more	  useful	  in	  long-‐range	  transport	  studies	  
–  A	  spectral	  fit	  algorithm	  for	  OMI	  SO2	  retrievals	  is	  being	  developed,	  

which	  has	  the	  potenNal	  in	  significantly	  reducing	  the	  noise	  in	  SO2	  
product	  



Summary	  
•  A	  number	  of	  transpacific	  transport	  events	  observed	  by	  
Aura/OMI	  and	  Aqua/AIRS	  sensors	  in	  autumn	  (~4	  
events/year)	  

•  WCB’s	  are	  the	  main	  mechanism	  for	  exporNng	  Asian	  
polluNon,	  meteorology	  over	  E	  Pacific	  is	  important	  for	  
the	  rapid	  transport	  events	  

•  Satellite	  observaNons	  suggest	  the	  magnitude	  of	  such	  
rapid	  transport	  events	  can	  be	  much	  stronger	  than	  
previously	  observed	  in	  field	  experiments	  

•  Combined	  use	  of	  AIRS	  CO	  and	  OMI	  SO2	  helps	  improve	  
confidence	  in	  detecNon	  of	  such	  events,	  and	  also	  
differenNate	  different	  types	  of	  plumes	  

•  Paper	  #	  2011JD016626	  in	  JGR,	  2012	  


